Abstract: Indole alkaloids are the chemotaxonomic markers of the Aspidosperma genera. Those that have the simplest plumeran skeleton are classified as the precursors of biosynthetic routes and the intermediates for several synthetic reactions. This work aims to review the 1 H and 13 C-NMR data, up to 2011, describing the skeleton of 35 different plumeran indole alkaloids, from a group of 46 of them, and highlight the main spectral differences amongst them.
1
H and 13 C-NMR data of 35 alkaloids with a simplest plumeran skeleton. This alkaloid subclass was chosen for their structural diversity (the basic ring skeleton is representative of a large number of natural compounds) and the review of Pereira et al. (2007) [2] was adopted as a guideline. In this referred work, the criterion of classification is the same as that adopted by Manske [28] . Some structures (nomenclature and structure) were adjusted based on the literature. The numbering of the structures in this work followed the method proposed by Le Men and Taylor ( Figure 2 ) [20] . In many cases, it was not possible to obtain the NMR data, because the compounds' structures were elucidated by other techniques (Infrared-IR, Ultraviolet-UV, Mass Spectrometry-MS).
Figure 2.
Numbering of the structure proposed by Le Men and Taylor [20] . (2) , spegazzinine (3 and 4), aspidospermidine (5 and 6) and pyrifolidine (7 to 9) skeletons [28] . and Aspidoscarpine (20 to 27) types [28] . [28] . Table 2 shows the 1 H-NMR data of some alkaloids. The remarkable feature is the typical aspidospermine signals of hydrogen linked to CH-2, whose chemical shift remains at δ H 4.5. The multiplicity of this signal, a double-doublet, reveals the spin coupling of H-2 with the two hydrogen atoms at CH 2 -16 unsubstituted. This pattern is present in almost all alkaloids, except for those substituted in C-16vincadifformine (1, with double bond between C-2 and C-16) [30] , spegazzinine (3) and spegazzinidine (4) [31] , and also 1,2-dehydroaspidospermidine (5) and 1,2-dehydro-N-deacetylaspidospermin (6), although the NMR data for the latter is not available. 
Discussion
The structure of the alkaloid aspidospermine (8) has the basic ring skeleton typical of a large number of natural alkaloids. In addition to the characteristic signals for the aromatic methoxyl function, the 1 H-NMR spectrum shows a very common pattern amongst the indole alkaloids the N-acetyl group, the C-20 ethyl side chain, and the lone hydrogen atom attached to CH-21, which is not split by any neighboring hydrogen [56] .
Thus, the 1 H and 13 C-NMR spectra of the alkaloids with the plumeran skeleton present key characteristic signals of the typical aspidospermine pattern. The hydrogen linked at CH-2 shows a signal with a double-doublet multiplicity (due the low sensibility of the 1960's NMR spectrometers, it was originally characterized as a quartet). This feature indicates that CH-2 hydrogen couples its spin with the two hydrogen atoms at C-16 [56] . The values for chemical shifts of the H-2 vary towards δ H 4.5 in the 1 H-NMR and the CH-2 appears as δ C 66 in the 13 C-NMR spectra. For the main consulting reference molecule aspidospermine (8) , the data relative to the hydrogen attached to CH-2 was missing [34] and did not appear on the spectra. Its presence was deduced by the signal of a methine carbon at δ C 64 in the 13 C spectrum. This information was then supplied by another source [35] , to the best of our knowledge.
Note that for the alkaloids that present a substituent in C-16, there is a striking difference. Vincadifformine (1) is presented here as a precursor of the plumeran skeleton, by the loss of the carbon linked to C16, by a hydrolysis/decarboxylation reaction [21] . For this molecule, the presence of a double bond between C-2 and C-16 justify the absence of the signal of H-2 in the 1 H-NMR. In the 13 C-NMR, the chemical shift for C-2 appears at δ C 167.8, what may be explained by the presence of the nitrogenous atom and by its conjugation with the carbonyl group, which is also the reason for the chemical shifts of the of the carbomethoxy at δ C 169 and the carbon atom C-16 at δ C 92.8, which is very characteristic of vincadifformine [30] .
Spegazzinine (3) and spegazzinidine (4) are also substituted in C-16. The signal of H-2 in the 1 H-NMR spectra appears as a doublet, due to the coupling of the hydrogen attached to CH-2 with the only hydrogen atom in CH-16. The assignments in the 1 H-NMR spectrum for spegazzinine showed signals for three aromatic hydrogen atoms, an N-acetyl function and a C-ethyl group. The consulted bibliography did not provide detailed information regarding the orientation of the aromatic hydrogen atoms [31] . However, the nature of these hydrogens is better known today due to the modern techniques available, and it is now known that there are two doublets attributed to H-9 and H-11, thus revealing ortho interactions and one triplet corresponding to H-10. The 1 H-NMR spectrum of spegazzinidine demonstrated a significant difference only in the region corresponding to aromatic hydrogens; the two aromatic hydrogens have an ortho interaction.
The relative configuration of the additional asymmetric center, C-16, in spegazzinine and spegazzinidine was defined because of the constant coupling (J = 8.0 Hz), a value typical of axial-axial hydrogens at CH-2 and CH-16 [31] .
For 1,2-dehydroaspidospermidine (5), the presence of a non-substituted carbon at δ C 193.0, assigned as C-2, linked to the indolic nitrogenous atom by a double bond, characterizes it as an indolenine system. As is the case of vincadifformine (1), the presence of a double bond between C-2 and N justify the absence of the signal of H-2 in the 1 H-NMR. The aromatic hydrogens have the expected couplings for a non-substituted indolenine system: a doublet attributed to H-9 with chemical shift of δ H 7.53, two multiplets attributed to H-10 and H-11 (each with a chemical shifts of δ H 7.25), and a triplet attributed to C-12 with δ H 6.17.
Another important feature is the displacement of the chemical shift of the H-12 at non-substituted aromatic ring, as was evident for the demethoxyaspidospermidine (14) and 12-demethoxy-Nacetylcylindrocarine (43) . The displacement occurs due to the attenuation of the mesomeric effect of the nitrogenous atom by the presence of an acyl group. This, in addition to the anisotropic effect of the carbonyl group at CH-12 results in the deshielding of the hydrogens at CH-10 and CH-12.
The compounds 9 and 23, isolated and characterized by Oliveira [32] as new alkaloids, were not reported in the guideline literature [2] . For these two alkaloids, the presence of the methoxy group at 1 J HC and HMBCn J HC , n = 2 and 3) NMR experiments, the stereochemistry of this group and the absolute configuration of each of these molecules was well established.
Nevertheless, limaspermine (28) and related alkaloids 29 to 35 reveal the oxidative biotransformation of the methyl group present in the carbon atom C-20-ethyl substituent (C-20-CH 2 CH 3 ) to yield C-20-CH 2 CH 2 OH, presenting an expressive difference at the lateral chain at C-20 [23, 53] . The presence of these moieties in such structures may be recognized by a comparative analysis of the 1 H-NMR spectra: -CH 2 CH 3 deduced by triplet signal at δ H 0.6 is attributed to the hydrogens of the methyl group (3H-18) and -CH 2 CH 2 OH is characterized by a triplet signal at δ H 3.5 corresponding to the carbinolic hydrogens of the methylene CH 2 OH (2H-18). The 13 C-NMR data for these compounds are not available, so the expected differences of the C-18 and the C-19 in the 13 C-NMR spectrum can only be predicted, by considering the displacement that occurs to deshielded fields.
In the alkaloids 36 to 46 ( Figure 5 ) the carbon atom C-20 sustains a -CH 2 COOMe containing a carbomethoxy group (COOMe), which may be explained by the additional oxidative biotransformation of CH 2 CH 2 OH to CH 2 COOH, which is then followed by a methylation reaction. The presence of the C-20-CH 2 COOMe can be recognized by This contributes to the signal displacement of the CH-21 hydrogen to δ H 2.4 (s), which is different from the observed value of δ H 2.23, found for aspidospermine [55] . The most impressive result involves the modifications observed by carbon atoms C-18 and CH 2 -19 in the 13 C-NMR spectra: δ C 171.0 and δ C 42.0, respectively. Data analysis suggests that for the alkaloids 35, 36 and 38, the values attributed to aromatics and the CH-21 hydrogens were exchanged. The chemical shifts for the aromatics remain towards δ H 6.5-7.0 and for the hydrogen attached at CH-21 remains towards δ H 2.2, in accordance with all the other compounds for the same series (36 to 46) .
In regards to the aromatic hydrogens, it is important to notice that for the structures 42, 44, and 46, the aromatic signals are concerning 8 hydrogens-3 being part of the monosubstituted A ring and the other 5 of a benzyl substituent.
The expected differences associated with the N-acyl substituent also appear in the cylindrocarpidine (39) and its cynnamoyl derivative N-cynnamoyl-19-hydroxycylindrocarine (46) . They exhibit the absence of the acetyl group and the appearance of lines relative to cynnamoyl system [55] . The coupling constant value (J = 16 Hz) observed in the olefinic signals of the 1 H-NMR spectra was used to confirm the trans configuration of the double bond present in the cynnamoyl moiety [50] .
